Abstract-For ecological risk assessment, the additive model may be used to empirically predict toxic mixture effects. Detailed toxicity tests were performed to determine whether effects of mixtures of copper-cadmium and copper-carbendazim on Caenorhabditis elegans were similar to the effects of the individual compounds. Effects on the course of reproduction, the length of the juvenile period, the length of the reproductive period, and body length were analyzed. Dose-response data were compared to the additive model and tested for four deviation patterns from additivity: No deviation, synergistic/antagonistic deviation, dose ratiodependent deviation, dose level-dependent deviation. During the exposure, the cadmium-copper effect on reproduction changed from a synergistic, to a dose ratio-dependent deviation from additivity. More cadmium in the mixture decreased the toxicity and more copper increased the toxicity. The effect of copper-carbendazim on reproduction was synergistic at low dose levels and antagonistic at high dose levels and independent of time. Mixture effects on the juvenile and reproductive period were similar to single component effects. It was concluded that the observed time-dependence of toxic interactions was small and that interactions on the timing of reproduction were not found. The additive model underestimated mixture effects on reproduction and body length.
INTRODUCTION
Anthropogenic pollution consists of mixtures of compounds rather than single toxicants only. For risk assessment, the additive model may be used to empirically predict combined effects [1, 2] . To investigate whether this is possible for soil ecosystems, mixture effects on various soil invertebrates have been studied, like springtails (Folsomia candida [3] ), potworms (Enchytraeus albidus [1] ), and earthworms (several Oligochaeta [4] ). Nevertheless, data on mixture toxicity are scarce for soil organisms [1] . In the present study the toxicity of binary mixtures to the free-living nematode Caenorhabditis elegans was assessed. Free-living nematodes are ubiquitous organisms that play an important role in nutrient cycling, degradation, and decomposition processes. Caenorhabditis elegans is a bacterial feeding nematode that lives in the interstitial water of soils [5] and is being considered as an ecologically relevant test organism for bioassay studies [6, 7] .
Binary combinations of cadmium-copper (a nonessential and an essential element) and carbendazim-copper were chosen for toxicity testing. Copper is essential because of its specific incorporation into a large number of enzymatic and structural proteins. Copper overload can lead to direct protein damage, structural impairment of essential metal binding sites [8] , and cellular injury due to the production of oxyradicals [9] . Cadmium replaces zinc in various proteins [10] and causes cellular lesions such as disrupted cytosomes and shortened microvilli [11] . Carbendazim is a commonly used systemic fungicide that interferes with DNA synthesis and inhibits cellular development [12] . Synergistic effects have been reported for several combinations of pesticides and metals [13] [14] [15] .
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Mixture toxicity analysis can be approached in various ways [16] . In this study mixtures of different concentration ratios and toxic strengths were analyzed to test the dose-response for four distinct deviation patterns from the additive reference model [17, 18] (Fig. 1 ): 1) No deviation (Fig. 1A) ; 2) a synergistic/antagonistic effect (S/A) of all mixture combinations (Fig. 1B); 3) a dose ratio-dependent deviation (DR), where synergism/antagonism depends on the proportion of the toxicants in the mixture (Fig. 1C) ; and 4) a dose level-dependent deviation (DL), where synergism/antagonism depends on the dose level tested (Fig. 1D ). In contaminated areas organisms may experience a lifetime exposure to chemical mixtures that may result in time dependency of toxic interactions and combined effects on the timing of life history events. The relatively simple lifecycle of C. elegans (see Materials and Methods section) enables studying the relevance of such effects.
The aim of this study was to determine whether effects of mixtures of copper-cadmium and copper-carbendazim on C. elegans were similar to the effects of the individual compounds. Toxicity experiments were performed on agar and individual toxicants and combinations were tested simultaneously. Considering the biology of the nematode the toxicant concentrations measured in the water fraction of the agar were assumed to be bioavailable and related the observed responses. The course of the mixture interactions on reproduction was studied in detail. In addition, mixture effects on the juvenile period (defined as the period before reproduction started), the length of the reproductive period, and body length were quantified.
MATERIALS AND METHODS

Test organism and culture
Experiments were performed with C. elegans var. Bristol, strain N2. Eggs hatch after 16 to 18 h (16ЊC) [19] . After four molts, the reproductive period starts after approximately 90 h. The reproductive period (Ϯ280 eggs) is continuous and ends during the eighth day. The egg-laying rate (eggs/nematode/ time) increases quickly, then rises more slowly to a maximum, after which it drops [19] . The postreproductive period lasts for approximately 12 d (dauer larvae, a survival stage, were excluded from the study). The strain was provided by the Netherlands Cancer Institute (Amsterdam, The Netherlands). Stock cultures were kept sterile in the dark at 15ЊC on agar [20] , with Escherichia coli as food source. To obtain synchronized cultures for the experiments, ten gravid adults were transferred from a healthy population to a fresh agar plate and allowed to lay eggs for 5 h, after which they were removed. In 3 d (20ЊC) these eggs developed into adults differing maximally 5 h in age.
Test media
Agar (nematode growth medium [NGM]) was prepared according to Wood [20] . Chloride salts of copper (Sigma Chemical, St. Louis, MO, USA) and cadmium (Merck, Schuchardt, Germany) were used to make the stock solutions in sterilized distilled water (CuCl 2 · 2H 2 O: 2 mg/ml, CdCl 2 : 1 mg/ml). Carbendazim, 99.2% pure, was obtained from the Badische Anilin-& Soda-Fabrik (BASF, Arnhem, The Netherlands). The stock solution (0.3 mg/ml) was prepared in ethanol. The test substances were mixed with the agar solution just after autoclaving. Before adding carbendazim the liquid agar was cooled down to 50ЊC to avoid decomposition of the pesticide. For the experiments both 12-wells tissue plates (1 ml agar/ well) and 9-cm petri dishes (10 ml agar/dish) were used. All plates were inoculated with E. coli, and stored at 37ЊC overnight to allow the bacteria to grow before experimental use. Escherichia coli was relatively insensitive for the tested chemicals.
Toxicity tests
The experimental design was based on the toxic unit (TU) concept [3] (TU ϭ c/EC50, where EC50 is the median effect concentration and c is the toxicant concentration in the mixture). First, the effect of the separate toxicants on total reproduction was analyzed for range finding. Subsequently, nominal concentrations of the mixtures were calculated based on expected toxic strengths of .75 (.25 ϩ .5; .5 ϩ .25), 1 (.5 ϩ .5) and 1.5 (1 ϩ .5; .5 ϩ 1) TU. The individual compounds (control ϩ 5 dose levels each) and mixtures were tested simultaneously. A control for checking the effect of ethanol was tested additionally, containing the highest ethanol concentration applied in the experiment (1.2 ml/L) Synchronized adults were transferred from clean agar to spiked agar plates (60 adults per treatment). These adults were allowed to lay eggs for 4 h; then they were removed, which indicated start of the experiment. The eggs, which were the nematodes under study, were kept at 15ЊC in the dark for 2 d, to hatch and develop into juveniles. Subsequently, 10 randomly picked nematodes per treatment were transferred from the agar plate to the tissue plate (one nematode per well) with corresponding toxicant combination. The nematodes were transferred to the new wells daily, and scored for reproductive output, survival, and censoring. Pictures were taken from the remaining nematodes on the 9-cm dishes to measure their length (m) using the Image-Pro Express computer program [21] : Cadmium-copper at age ϭ 6 d, carbendazim-copper at age ϭ 2, 3, 4, 5, 6, and 8 d. A minimum of nine replicates was analyzed, except for day 8, where three replicates were analyzed. The experiment was ended when reproduction of all individuals had stopped. Agar samples for cadmium, copper, and carbendazim measurements ran simultaneously with the experiments.
Chemical analysis
Duplicate samples from the water fraction of the agar were taken 1 d after starting and 1 d after ending the experiment. For the metal measurements, the water fraction was obtained by centrifuging 20 ml of agar for 12 min at 15,000 rpm, 17,540 g in plastic tubes and storing (4ЊC). Metal concentrations were determined by flame atomic absorption spectrophotometry, using a Perkin-Elmer 1100B atomic absorption spectrophotometer (Perkin-Elmer, Norwalk, CT, USA) at a wavelength of 228.8 nm (Cd) or 324.7 nm (Cu). For the carbendazim measurements, the water fraction was obtained by filtration, using a stainless steel Buchner-funnel with 45-m stainless steel filter. The water fraction was stored in glass tubes (Ϫ20Њ C). Carbendazim concentrations were determined using high-performance liquid chromatography according to Matser and Leistra [22] Data analysis Dose response analysis. The lifetime of the nematodes was divided into daily age classes. For each age class, reproduction was analyzed with the binary toxic unit mixture model, generalized to [17, 18] :
where c 1 and c 2 denote the concentrations of the individual chemicals in the mixture, Y indicates the biological response, and and indicate the inverse dose response functions of
f f 1 2 the individual compounds in the mixture. The G denotes an excess function to quantify deviations from additivity ( Fig. 1 ).
To enable calculations of the EC50s as well as the EC10s simultaneously, a modified log-logistic dose response model Table 1 . Interpretation of additional parameters in Equation 1 that define the functional form of the deviation pattern from the additive model. was adopted [23] . The inverse dose response relationship can then be written as:
where u 0 denotes the response in the control group, ϭ ln (9) Ϫ1 , and i ϭ ln(EC50 i /EC10 i ).
Also the mixture effect on body length was analyzed with Equation 1. Yet, the dose response was not sigmoïdal. Within the concentration range tested the data reasonably could be described with an exponential function, which was substituted in Equation 1.
where indicates the slope of the curve. Toxicant exposure decreased the length of the nematodes to Ϯ60% of the control, which meant that the EC50 was not applicable. The EC20s were calculated instead. The biological interpretation of the additional deviation parameters in G, here arbitrarily named a and b, is listed in Table 1 . All parameters were estimated simultaneously by minimizing the sum of squared residuals. The significance of additional parameters in the nested models were quantified by calculating the likelihood ratio statistic (X 2 ) and calculating its p-value from the Chi-square distribution at degrees of freedom equal to the difference in the number of parameters between the two models of interest [24] . Note that the models for quantifying dose ratio-dependent deviations and dose level-dependent deviations are not nested.
Reproductive period
To estimate the length of the juvenile and reproductive period, the egg-laying rate (eggs/nematode/time) was considered as an age-specific probability of contributing offspring to the first age class, empirically described by the gamma distribution. The distribution of the total number of eggs over the age classes was considered for constructing a likelihood function to estimate model parameters. The total number of eggs in each age class was calculated from m a * ϭ ⌺ r m r,a , where m r,a denotes the number of eggs of replicate r in age class a in the treatment. The total number of eggs per treatment was quantified by M* ϭ ⌺ a ⌺ r m r,a . The likelihood of the parameters ␣ and ␤ given data set D resulting from a certain treatment was quantified by the multinomial distribution:
where p a denotes the probability of egg laying in age class a, calculated from the gamma distribution. Ignoring the constant multinomial coefficient, the negative log-likelihood function to be minimized was given by
where F indicates the cumulative gamma distribution, t ϭ time points (d) of the age classes during the reproductive period and ␣ and ␤ are parameters. Here, t ϭ 0 is defined by the start of the first age class where eggs were observed, which was the fourth age class. Therefore:
For every treatment the expected total number of eggs per individual (M) was calculated as follows (censored data caused by death or disappearance were included until censoring [25] ):
r,a n a r a where n a denotes the total number of individuals (replicates) exposed during this time interval.
The probability of laying the first egg was calculated as p first ϭ 1/M. And the probability of laying the last egg was calculated as p last ϭ 1-1/M. Both time points were estimated from the inverse of the cumulative gamma distribution (F
Ϫ1
). During the first three age classes the nematodes were too young for reproduction, hence the juvenile period (t j ) was estimated by t j ϭ 3 ϩ F Ϫ1 (p first ,␣,␤). The length of the reproductive period was estimated from t r ϭ F Ϫ1 (p last ,␣,␤)-F Ϫ1 (p first ,␣,␤). Bootstrap methods were used to construct 95% confidence intervals around t j and t r . The confidence intervals were based on 2,000 resamples and corrected for bias [26] .
RESULTS
Age-specific reproduction
To understand the results it is important to grasp the model selection procedure, therefore the analysis of the reproduction data of the eighth age class is shown in detail (Fig. 2) . The additive reference model described the effect of the cadmiumcopper mixture on reproduction poorly ( Fig. 2A: Ref) and Table 2 . Age-specific effective concentration (EC) values EC10 and EC50 (with 95% confidence intervals) of the cadmium and copper measured in the water fraction of the agar, and significance of additional parameters in the nested mixture models the define the functional form of the deviation pattern from the additive model. S/A ϭ synergistic/antagonistic deviation; DR ϭ dose ratio-dependent deviation 1 to describe a dose ratiodependent deviation improved the data description again ( Fig.  2A: DR) . The sum of squared residuals decreased to 88,332 and the addition of the parameter was significant at the 5% level (p[X 2 ] ϭ 0.006). The estimated values of the deviation parameter were a ϭ 4.05 and b ϭ Ϫ8.50, indicating a decreased toxicity related to cadmium and an increased toxicity related to copper. On the other hand, adding a second deviation parameter to describe a dose level-dependent deviation did not improve the data description ( Fig. 2A : DL, sum of squared residuals: 94,638, p[X 2 ] ϭ 0.99). As shown in Figure 2B , the marginals of the most parsimonious model ( Fig. 2A: DR) described the response to the individual toxicants adequately.
These analyses were performed on the reproduction data of all age classes and EC10s and EC50s were estimated simultaneously (Table 2 ). Both the EC10 of cadmium and the EC50s of cadmium and copper increased somewhat during the exposure. The p-values indicated that there was a strong indication for a synergistic/antagonistic effect during the first age classes: Addition of this parameter was significant at the 5% level from the fifth until the eighth age class. All values were negative, indicating synergism (Table 3 ). Yet, a dose ratio-dependent deviation was significant at the 5% level from age class 7. All values for a were positive and all values for b were negative (Table 3) , indicating decreased toxicity related to cadmium and an increased toxicity related to copper.
The effects of the carbendazim-copper mixture on reproduction on day eight are shown in Figure 3 . When one deviation parameter was added to the additive model (Eqn. 1), the sum of squared residuals decreased from 333,708 to 304,383. The addition of the parameter was significant at the 5% level (p[X 2 ] ϭ 0.0005) and the estimated value was Ϫ2.23, which is negative, indicating synergism (Fig. 3A: S/A). The model for describing a dose ratio-dependent deviation yielded Table 3 . Parameter values of the deviation function (G): The S/A model and the models that yielded maximum parsimony after analyzing the effect of cadmium-copper and carbendazim-copper on reproduction. These parameter values (a and b) Figure 3B , the marginals of the most parsimonious model (Fig. 3A : DL) adequately described the response to the individual toxicants.
The EC10 and EC50 of carbendazim increased during exposure ( Table 4 ). The p-values for the synergistic/antagonistic model were far below 5% for all age classes. All values were negative (Table 3) , indicating synergism. Yet, from age class 6 the model for describing a dose level-dependent deviation was the most parsimonious. All values for a were negative and in all cases 0 Ͻ b Ͻ 1 (Table 3) , indicating synergism at low dose levels and antagonism at high dose levels.
Reproductive period
To enable plotting of the binary mixture effects on the reproductive rate, the juvenile period, and the length of the reproductive period, toxicant concentrations were recalculated to toxic units, based on the EC50s for reproduction of the fifth age class (Fig. 4, Fig. 5 ). The reproductive rate was satisfactorily described by the gamma distribution (Fig. 4) . The onset and ending of the reproductive period especially were determined well, which were of primary interest in this study.
The juvenile period was lengthened substantially at concentrations higher than ln(TU) ϭ 1 (Fig. 5A) , which is at concentrations of about 2.7 times the EC50 for reproduction. In addition, the prolongation is accompanied by an increase in the uncertainty around the estimate. The mixture and single toxicant effects were similar. Only the highest mixture concentrations induced an increased response. Copper-carbendazim hardly influenced the juvenile period (Fig. 5B) . A minor prolongation from 92.9 (90.9-95.1) h in the control to 102.3 (98.3-108.8) h in the highest carbendazim exposure was observed. The juvenile period of the nematodes exposed to ethanol only was not different from the control.
When exposed to copper and cadmium, the nematodes prolonged their reproductive period at lower toxicant concentrations, whereas it was shortened at higher concentrations (Fig.  5C ). Again an increase in uncertainty around the estimate was observed at higher exposure levels. The response to copper and carbendazim was less pronounced (Fig. 5D) . Some prolongation was observed; for instance, the copper treatment at ln(TU) ϭ Ϫ1.06 was different significantly from the control (randomization test: p ϭ 0.0025), but a clear pattern in the data is absent. The mixture and single toxicant effects were similar.
Body length
Also the effect on body length was compared to the additive model ( Table 5 ). The control, slope, and EC20s were estimated from the marginals of the dose response plain, i.e., the exponential dose response curve. The low p-values are a strong indication for a synergistic/antagonistic effect when the nematodes were exposed to cadmium-copper. The parameter value was negative (a day6 ϭ Ϫ4.44), indicating synergism. The model for dose ratio-dependent deviation described the response best.
The parameter values were a day6 ϭ 6.59 and b day6 ϭ Ϫ15.6, indicating decreased toxicity related to cadmium and an increased toxicity related to copper.
Also when the nematodes were exposed to carbendazimcopper synergistic responses were observed (a day4 ϭ Ϫ2.88, a day5 ϭ Ϫ5.09, a day6 ϭ Ϫ4.97). Yet, the model for dose leveldependent deviation described the response best, as illustrated by Figure 6 . The parameter values indicated synergism at low dose levels and antagonism at high dose levels, just as for the reproduction data (a day4 ϭ Ϫ8.66, a day5 ϭ Ϫ10.13, a day6 ϭ Ϫ10.32, a day8 ϭ Ϫ5.57; b day4 ϭ 0.95, b day5 ϭ 0.65, b day6 ϭ 0.68, b day8 ϭ 0.59).
DISCUSSION
The current study provided insight into the combined effect of binary copper-cadmium and copper-carbendazim mixtures on reproduction, the juvenile period, the length of the reproductive period, and body length of C. elegans. After age class 6 the effect of copper and cadmium on reproduction was dose ratio-dependent in comparison with the additive reference model. A decreased combined effect was related to a high proportion of cadmium in the mixture and an increased com- 
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a Cadmium (EC20 in g/ml). b Copper (EC20 in g/ml). c Carbendazim (EC20 in ng/ml). bined effect to a high proportion of copper in the mixture. It is difficult to relate such observations to underlying physiological mechanisms, but some interactions have been reported that may help interpreting the results. For instance, in Enchytraeds, sublethal concentrations of cadmium were found to induce a gene encoding a nonmetallothionein, cysteine-rich protein, important in metal detoxification [27] . Copper alone induced the cysteine-rich protein gene at minimum levels only.
Yet, (pre) induction of the cysteine-rich protein gene by cadmium reduced the toxicity of copper [28] . These kind of physiological processes also might play a role in the observed cadmium-related reduced toxicity in C. elegans. The effect of carbendazim and copper on reproduction was synergistic at low dose levels and antagonistic at high dose levels. Similar effects have been reported for Folsomia candida [3, 29] . The effect of cadmium and zinc on fresh and dry weight of F. candida was more severe at the EC10 than at the EC50. It also has been reported that the cytotoxic effect of four metals (As, Cd, Cr, and Pb) on human epidermal keratinocytes was synergistic at low dose levels and antagonistic at high dose levels [30] . Yet, analyzing the combined effect at different dose levels is far from routine in ecotoxicology studies and therefore not reported frequently.
The course of the mixture interactions on reproduction was studied in detail, but only minor changes in time were observed ( Table 2, Table 3 , and Table 4 ). In literature there are various indications for time-dependent mixture effects. For instance, the synergistic cytotoxic effect on tumor cells of 5-fluorouracil and 2␣-methyldihydrotestosterone observed in Sprague-Dawley rats, diminished after four weeks of exposure despite daily treatment [31] . A reanalysis of the cytotoxic effect of 4-hydroperoxycyclophosphamide and etoposide on a leukemia cell line [32] revealed that the synergistic effect observed after 24-h exposure changed to additivity after 72 h [18] . Similar effects were reported by Aschele et al. [33] for other cytotoxic chemicals. Van Gestel and Hensbergen [3] observed that effects of combinations of cadmium and zinc on fresh weight of F. candida changed from additive to antagonistic, and effects on reproduction changed from synergistic to additive. On the other hand, Viluksela et al. [34] reported that the effects of four similar acting chlorinated dibenzo-p-dioxins on growth, survival, hematologic effects, and ethoxyresorufin O-deethylase induction of rats were additive, irrespective of acute or (sub) chronic exposure. They stated that this indicated that the basic mechanisms of toxicity after short-and long-term exposures are not different, although toxicity was modified by time. The time-independent effect of carbendazim and copper on reproduction in this study indicated that the conclusions of Viluksela et al. also might hold for substances with differences in mode of action.
The toxicity of copper was analyzed twice. Although the extracted concentrations were exactly the same, the toxicity differed three to four orders of magnitude. These differences are hard to explain, because the experimental design was very controlled. Yet, difference in toxicity is a known phenomenon in ecotoxicity studies [29] and emphasizes the importance of testing the individual chemicals and their mixtures simultaneously to obtain reliable insight in combined action [3] .
The length of the juvenile period is known to be a demographically important parameter [35] , and prolonged time to reproduction as a consequence of toxic stress has been found in various studies [25] . In this study prolonged time to reproduction was observed at concentrations of two to three times the EC50 for reproduction and therefore was an insensitive response to the toxicants tested. The length of the reproductive period was much more sensitive. Both observations are in agreement with analyses of copper effects on other nematode species [36] . Spreading reproduction out over a greater range has been quantified to increase fitness [37] , and it may represent the phenotypic plasticity in response to toxic stress [38] . The effect of the mixtures and the individual compounds on
